A proper dielectric coating can reduce the electromagnetic scattering of the conducting object significantly so that it cannot be detected by the radar. However, when the object contains a thin coating, fine grid size is needed to discretize the thin coating in the conventional finite-difference time-domain (FDTD) algorithm, which increases the amount of memory and computational time significantly. To overcome this dilemma, we present a transformation optics-based FDTD (TO-FDTD) algorithm to accelerate the solution of electromagnetic scattering from objects with thin dielectric coatings. Two kinds of novel TO-FDTD models are proposed in this paper for a coated cylinder and a coated arbitrary polygonal cylinder, respectively. Through coordinate transformation, the size of the object remains unchanged while its thin coating is enlarged to a thicker one, meaning that it can be simulated by the FDTD algorithm with uniform coarse grids instead of fine grids. The transformed material parameters become inhomogeneous and anisotropic in the transformed region, which can be obtained by solving a Jacobian transformation matrix. We then develop a stable FDTD algorithm for solving anisotropic Maxwell's equations. Bistatic scatterings of coated cylinders and a coated polygonal cylinder are solved by the TO-FDTD algorithm proposed in this paper, respectively. The result of the TO-FDTD algorithm matches well with the exact value and the result of the commercial software Comsol. The computational efficiency and accuracy of the proposed TO-FDTD algorithm are validated by numerical experiments. Numerical results show that the TO-FDTD algorithm has higher computational accuracy than the conventional FDTD algorithm that fails to simulate the absorbing property of the coating, when the same coarse grid size is used in the simulation. Under the same level of accuracy, the proposed TO-FDTD method can improve the computational efficiency by 62-63 times than the conventional FDTD method with fine grids in the simulations in the paper.
I. INTRODUCTION
Scattering of dielectric coated objects (e.g. aircrafts or ships) has attracted significant interest in recent years because of its important applications from a modern military perspective. One important application is the radar cross section (RCS) reduction technique used to implement a radar absorbing material coating on the object to reduce scattered wave The associate editor coordinating the review of this manuscript and approving it for publication was Kalyan Koley. energy propagating to the radars by means of absorption. With advancements in modern stealth technology, the demand for numerically solving electromagnetic scattering properties of dielectric coated targets is increasing. The electromagnetic scattering of such composite objects can be solved by three typical numerical techniques: the integral equation based moment methods, wave equation based finite element method (FEM), and Maxwell's differential equations based finite difference time domain (FDTD) method.
The hybrid volume and surface integral equation (VSIE) [1] and surface integral equation (SIE) [2] are applied well to electromagnetic scattering of objects containing relatively thick coatings. However, for the target having a thin dielectric coating, e.g., less than one tenth of a wavelength in dielectric, both VSIE and SIE methods will suffer from poor convergence problems. Usually, SIE combined with the impedance boundary condition (IBC) [3] and the coupled perfectly electric conductor-thin dielectric sheet (PEC-TDS) approximations [4] , [5] are unitized to alleviate the scattering problem of the thin dielectric coating above. However, SIE method is only suitable for homogeneous dielectric coating case. For the inhomogeneous dielectric coated objects, the VSIE method is often adopted. Besides, as reported in [6] , VSIE method results in more accurate prediction of the objects containing thin dielectric with edges and corners, in comparison with the SIE method. However, it is not easy to generate the traditional volume discretized elements, e.g., tetrahedrons, for the EM scattering analysis of the object with very thin coating. Obviously, the use of volume discretized elements also leads to a larger number of unknowns.
To overcome these problems, the thin dielectric sheet (TDS) approximation model [4] , [7] - [9] combined with the volume integral equation (VIE) has been used to reduce the number of unknowns of the thin dielectric coated object greatly, where the volume integral is approximated by surface integral by adopting surface mesh. However, this TDS method may result in an inaccurate solution in the cases of nearly grazing incident angle and small dielectric constant [10] . Recently, the prism elements based VSIE method is also applied to the scattering analysis of thin dielectric-conductor objects [11] , where the associated volume elements and unknowns can be reduced significantly. However, this VSIE method seems more suitable for the planar structures with thin dielectric coating, e.g., microstrip antenna [11] . Moreover, the FEM method has been applied to plane wave scattering from metallic objects coated by a lossy dielectric layer [12] , [13] . For the scattering analysis of an object with a thin dielectric coating, however, a large number of finite elements is required to avoid poor aspect ratio elements, which leads to a lot of memory cost and run time.
Of the three prevalent numerical methods, the FDTD algorithm is the only one avoiding matrix solution. It has merits of simplicity and the ability to easily model complex geometric, inhomogeneous and anisotropic problems. The FDTD algorithm has been widely employed to analyze the EM characteristics of the plasma sheath [14] , radar cross section (RCS) reduction of scattering of perfectly electric conductive (PEC) cylinder coated with plasma and metamaterial [15] , and scattering from conducting bodies coated with chiral materials [16] . However, for the multi-scale scattering problem of an object with a thin coating, fine grid size is needed to discretize the thin coating, which leads to a smaller time step due to the Courant-Friedrichs-Lewy stability condition. Consequently, the amount of memory and computation time are increased significantly. To deal with this difficulty, surface impedance boundary condition (SIBC) is combined with the FDTD method to compute the RCS of the object with thin dielectric coating [17] . Since this approach avoids the calculation of the electromagnetic fields inside the dielectric coating, no fine grid size is required for the thin coating in the FDTD computational domain. Therefore, the memory and computation time are saved significantly. However, the SIBC [18] neglects the surface curvature and field diffusion in the tangential direction. To acquire high computational accuracy, various high-order SIBCs have been developed in [19] - [21] . However, they are much more complicated mathematically. Besides, it is difficult to obtain accurate scattering of a metallic object with an inhomogeneous thin layer by the high-order SIBC [22] .
Another way to deal with this problem is to use a subgridding scheme [23] . Fine grids are applied to small structures, while coarse grids are used elsewhere. However, temporal and spatial field interpolations between coarse and fine grids lead to reduced accuracy and late-time instability, especially when the grid contrast ratio is large. The Huygens subgridding method [24] , [25] can achieve high accuracy for a large grid contrast ratio but its late-time instability problem still exists. The FDTD subgridding technique with separated spatial and temporal subgridding interfaces [26] can achieve higher late-time stability by carrying out the temporal and spatial interpolations separately. However, it reduces the accuracy due to the discontinuity of electric/magnetic fields at the temporal subgridding interface and cannot solve the problem of materials traversing subgridding interfaces. The improved FDTD method with separated spatial and temporal subgridding interfaces [27] resolves these two difficulties. However, to overcome the late-time instability, both [26] and [27] needed to modify the electric/magnetic field at the subgridding interface using weighted parameters. No universal weighted parameters are given, since they need to be acquired by numerous numerical experiments that are very time consuming. An unsymmetric FDTD subgridding algorithm with unconditional stability [28] allows for an arbitrary grid contrast ratio. However, the time step needs to be determined by solving the eigenvalues of matrices.
An alternative method to solve the electromagnetic problem of small structures in a large computational domain is the transformation optics (TO) based local mesh refinement method proposed by Liu et. al. [29] . This method can eliminate the late-time instability by using the field transformation, rather than temporal and spatial field interpolations, compared with the subgridding scheme. Through coordinate transformation, a small structure can be transformed to a larger one in transformed space, where Maxwell's equations remain form invariant. The field solved in transformed space can be transformed back to the corresponding field in original space by inverse transformation. Uniform coarse grids can be applied in the whole transformed computational domain. Thus, the computational efficiency is enhanced greatly. In addition, the TO-based local mesh refinement method has proven its stability and accuracy. It avoids the electric/magnetic field errors of the coarse-fine interface due to its absence. However, this method is unsuitable to solve the multi-scale problem of thin dielectric coated objects, since the objects and coatings are both enlarged by its transformation. Therefore, more grids are needed to simulate the enlarged object, which results in huge memory requirements and CPU time consumption. Moreover, computational efficiency is decreased greatly if the size of the object increases.
The major objective of this study is to enhance computational efficiency of the FDTD method for the scattering analysis of thin dielectric coated objects. We propose a novel transformation optics-based FDTD (TO-FDTD) algorithm to realize fast solution of scattering from thin dielectric coated objects. Through coordinate transformation, only the thin coating is enlarged to the thicker one, but the object remains unchanged. Uniform coarse grids are applied in the whole computational domain and no more grids are required for the object. Consequently, the computational efficiency of our algorithm is improved greatly compared with global fine grids. In comparison to the subgridding scheme, no latetime instability occurs and no field error of the coarse-fine interface is introduced in our algorithm. The anisotropic permittivity and permeability in the transformed region can be obtained by TO. Enlightened by [30] , [31] , we then develop a stable anisotropic FDTD algorithm for solving transformed anisotropic Maxwell's equations. Restricting our analysis to the two-dimensional (2D) case, we first introduce coordinate transformation for a coated cylinder. To exhibit the diversity of our algorithm, we then present the transformation model for an arbitrary polygonal cylinder that does not satisfy the symmetric property of the shape. Finally, we obtain the nearzone field for two cases using the proposed TO-FDTD algorithm and then acquire RCS through the near-to-far field transformation. Numerical experiments are used to demonstrate the accuracy and efficiency of the proposed TO-FDTD algorithm.
II. TO-FDTD METHOD
For the scattering analysis of a thin dielectric coated perfect electric conducting (PEC) object, we first enlarge the thin coating to a thicker one in the transformed region, while the PEC body remains unchanged, using coordinate transformation. Therefore, the enlarged coating can be solved by the FDTD algorithm with a coarse grid size. Through coordinate transformation, homogeneous and isotropic materials in original space are transformed to inhomogeneous and anisotropic ones. Based on the form invariance of Maxwell's equations under coordinate transformation, we propose a stable anisotropic FDTD algorithm for resolving electric/magnetic fields in the transformed region.
A. TO FOR A COATED CYLINDER
We first consider scattering of a 2D PEC cylinder with a thin coating. As shown in Fig. 1(a) , the circular disk with radius R 0 refers to the PEC object, which is coated with a thin dielectric annulus (R 0 < r < R 1 ). The coated PEC cylinder is enclosed by the outer air annulus (R 1 < r < R 2 ). The solving process mainly comprises three steps: 1) Through coordinate transformation, as shown in Figs. 1(a) and (b), we enlarge the thin coating (an inner annulus (R 0 < r < R 1 )) in original space to the thicker one (R 0 < r < R 1 ) in transformed space and retain the outer boundary (r = R 2 ) of the outer air annulus. Thus, the air annulus (R 1 < r < R 2 ) is compressed to a shrunken one (R 1 < r < R 2 ). Meanwhile, the size of the PEC cylinder object (r < R 0 ) is kept unchanged. After coordinate transformation, the thin coating is enlarged, so it can be solved with coarse grids. Uniform coarse grids can be applied in the whole computational domain so that the efficiency is improved greatly.
Note that the thin coating cannot be stretched arbitrarily, since the trade-off is that the compressed air annulus is less solved due to its smaller area. Fortunately, we can control the area of the transformed region to acquire acceptable accuracy.
2) We then obtain the transformed anisotropic permittivity and permeability tensors in the stretched coating and compressed air annulus by coordinate transformation. Inspired by [19] , [20] , we develop a stable anisotropic FDTD algorithm for solving scattering of lossy anisotropic media. Based on the invariant form of Maxwell's equations under coordinate transformation, the present stable algorithm can be easily implemented to resolve the near-zone electric/magnetic field in the transformed region (inner annulus (R 0 < r < R 1 ) and outer annulus (R 1 < r < R 2 ). Meanwhile, the conventional FDTD method is still applied to the rest of the computational domain.
3) We obtain the RCS of a coated object by the near-to-far field transformation. The electric/magnetic field in the transformed region can be transformed back to those in the corresponding original space. However, no inverse transformation are required, since the near-zone scattered field that we need is outside of the transformed region. Therefore, they can be directly extracted for the near-to-far field transformation to acquire the RCS of the coated object.
Next, we take a 2D coated PEC cylinder as an example to illustrate coordinate transformation for coated object. As shown in Fig. 1 , the computational domain are truncated by Convolution Perfectly Matched Layer (CPML) boundaries for absorbing the outward-propagating waves. The incident plane wave is introduced into the computational domain by the Total-Field-Scattered-Field (TF-SF) boundary conditions. The coordinate system (x, y, z) is referred to as original space while coordinate (x , y , z ) is regarded as transformed space. Consider the following time dependent Maxwell's curl equations in original space
where the ε, µ, σ e and σ m are permittivity, permeability, electric conductivity and magnetic conductivity of the media in the computational domain, respectively. Through coordinate transformation from the coordinate system (x, y, z) to x , y , z , we obtain the invariant form of the Maxwell's equations in transformed space as follows
The transformed anisotropic parameters including permittivity ε , permeability µ , conductivity σ e and magnetic conductivity σ m are related to the original permittivity ε, permeability µ, conductivity σ and magnetic conductivity σ m by the relationships
where is the Jacobian transformation matrix. The transformation relations between electric/magnetic fields E /H in transformed space and E/H in original space are as follows
Then, we derive the Jacobian transformation matrix , which illustrates the relations between material parameters and electric/magnetic fields in transformed and original space according to coordinate transformation.
To enlarge the thin annulus R 0 < r < R 1 to the thicker annulus R 0 < r < R 1 and compress the outer air annulus (R 1 < r < R 2 ) to a thinner one (R 1 < r < R 2 ), we should obtain the Jacobian transformation matrix . This is the composite of three coordinate transformations as follows
where 1 refers to the transformation from Cartesian coordinates (x, y, z) to cylindrical coordinates (r, θ, z), 2 represents the transformation from (r, θ, z) to (r , θ , z ) and 3 denotes the transformation from (r , θ , z ) to (x , y , z ). The transformation relations between (r, θ, z) and (r , θ , z ) are obtained as
The Jacobian transformation matrix from (x, y, z) to (x , y , z ) can then be expressed as
Once the is obtained, permittivity ε , permeability µ , electric conductivity σ e , and magnetic conductivity, σ m in transformed space (x , y , z ) can be calculated by (3a-3d). Then, electric/magnetic fields E /H in transformed space can be obtained by (2a-2b). Although the material parameters in the transformed region are different from those in the original region, electromagnetic field distributions outside of the transformed region are the same as those in the corresponding original region. We can also transform the fields E /H back to E/H by applying the inverse transformation of (4a) and (4b).
B. TO FOR A COATED ARBITRARY POLYGONAL CYLINDER
To further extend the application scope of our algorithm, we take account of a 2D coated PEC polygonal cylinder with any number of sides that does not satisfy the symmetric property of the shape. The cross sections of the coated polygonal cylinder in original and transformed space are shown in Figs. 2(a) and (b), respectively. The PEC polygon is coated with a thin dielectric polygonal annulus and then enclosed by an air polygonal annulus. The main difference in solving the two models of a coated cylinder and a coated arbitrary polygonal cylinder is Jacobian transformation matrix . Similar to coordinate transformation for the coated cylinder, we transform a thin coating (an inner polygonal annulus in Fig. 2(a) ) to a thicker one in Fig. 2(b) , whilst keeping the outer boundary of the outer air polygonal annulus unchanged. Therefore, the thin dielectric polygonal annulus is enlarged and the outer air polygonal annulus is compressed in the transformed region, as shown in Fig. 2(b) .
As shown in Fig. 2(a) , a polygon can be decomposed into several triangles by connecting the original point and all the apexes. Similarly, the coating can be divided into several trapezoids. For convenience, the transformation for the ith triangular region C i OC i+1 is derived. The n i , l i and m i are the heights of triangles A i OA i+1 , B i OB i+1 and C i OC i+1 , respectively. As shown in Fig. 2(b) , l i refers to the height of the triangle B i OB i+1 . Through coordinate transformation, trape- 
where θ is the angle between OP and +x direction, and γ i is the angle of between l i and +x direction. Note that θ = θ and γ i = γ i . The transformation matrix 2 for an arbitrary polygonal annulus from original region to transformed region in polar coordinates can be obtained by applying ∂(r,θ,z) ∂(r ,θ ,z ) to (8) . Then, the Jacobian transformation matrix can be computed by substituting 2 into (7) . Once is obtained, other solving processes for the coated arbitrary polygonal cylinder are the same as those for the coated cylinder.
C. STABLE ANISOTROPIC FDTD ALGORITHM
Through coordinate transformation, the material parameters in the enlarged and compressed transformed regions become anisotropic tensors. Enlightened by [30] , [31] , we develop a stable anisotropic FDTD algorithm for solving near-zone electric/magnetic fields of lossy anisotropic media. The transformed anisotropic Maxwell's curl equations with anisotropic permittivity, permeability, electric conductivity and magnetic conductivity medium can be expressed as follows
For the transverse magnetic TM mode, the locations of the electric/magnetic field components in the grids are shown in Fig. 3 . The material parameters (ε,μ,σ e andσ m ) are centered in the grids. The conventional FDTD updated formulas for (9a) and (9b) are written as 
The electric field E z can be computed by using (10a). 
To maintain computational stability, the material parameters and field components should be evaluated at the same position by the arithmetic average. Thus, (12b) can be derived as (13) , shown at the bottom of this page, where v xx(i,j+1/2) is taken as
The same average algorithm is also applied to v xy , v yx and v yy . Then, (11) can be derived as (15) , shown at the bottom of the next page, where parameters a xx , a xy , a yx and a yy are all averaged as mentioned above. By substituting ξ n+1/2 x(i,j+1/2) and ξ n+1/2 y(i+1/2,j) into (15), we can obtain the magnetic field H x and H y .
III. VALIDATION
To demonstrate the validity and efficiency of our proposed TO-FDTD algorithm, scatterings from a thin dielectric coated PEC cylinder and an arbitrary polygonal PEC cylinder with a thin coating are simulated, respectively. The uniform grid size of is used globally in the computational domain, which is truncated by convolution perfectly matched layer boundaries. By applying total-field/scattered-field boundary conditions, a plane wave with the wavelength of λ = 0.1m is incident on the coated object along the +x axis with electric field linearly polarized along the z axis.
A. VALIDATION OF THE TO-FDTD ALGORITHM
To validate the accuracy of the proposed TO-FDTD algorithm, we first consider a conducting cylinder coated by one layer of lossless dielectric. The PEC cylinder with the radius of λ is coated with a 0.5λ-thick dielectric layer. The relative permittivity and permeability of the coating are ε r = 2 and µ r = 2, respectively. Fig. 4 shows the curves of bistatic RCS of the coated cylinder. It can be seen that the result solved by the TO-FDTD algorithm agrees well with the exact result in the reference [32] and the result of the commercial software Comsol.
B. THIN DIELECTRIC COATED PEC CYLINDER
Then we simulate scattering from a PEC cylinder with a thin coating. The relative permittivity and permeability of the coating are ε r = 2−j and µ r = 1.5−j, respectively. The cross sections of the coated cylinder in original and transformed space are illustrated in Figs. 1(a) and (b) , respectively, where R 0 = λ = 0.1m, R 1 = 1.025λ = 0.1025m, R 1 = 1.1λ = 0.11m and R 2 = 1.25λ = 0.125m. Through coordinate transformation, the thin coating is enlarged four times (thickness changed from 0.0025 to 0.01 m) while the outer boundary of the air annulus remains unchanged. Accordingly, the air annulus is compressed in transformed space. Figures 5(a-c) show the electric field amplitude distributions near the coated cylinder, which are resolved by the TO-FDTD algorithm with the coarse grid size of = λ/40 = 0.0025m, the conventional FDTD algorithm with the coarse grid size of = λ/40 = 0.0025m and the fine grid size of = λ/160 = 0.000625m, respectively. The totalfield region that includes both incident and scattered fields is within x ∈ [0.1m, 0.5m] and y ∈ [0.1m, 0.5m]. Outside of the total-field region is the scattered-field region that contains only scattered field of the coated cylinder. We take the result of the commercial software Comsol as a reference result to compare the computational accuracy of our TO-FDTD algorithm and the conventional FDTD algorithm with the same coarse grid size of = 0.0025m.
The thickness of the coating is very thin and occupies only a single grid size ( = 0.0025m). Therefore, large errors occur in simulating the thin curved coating using the coarse grid size of = 0.0025m. Comparing Figs. 5(a) and (b), the electric field amplitude distributions do not agree well with each other. As illustrated in Fig. 5(c) , the transformed region is in the black circle (r < 0.125m). The electric field amplitude distributions inside the transformed region are different from those in Fig. 5(b) due to the different material parameters. However, the electric field amplitude distributions outside of the transformed region in Fig. 5 (c) coincide with those in Fig. 5(b) very well. Although the coarse grid size of = 0.0025m is used, the TO-FDTD algorithm still has the same computational accuracy as that of the conventional FDTD algorithm with fine grids, since the enlarged coating can be simulated precisely by coarse grids. accuracy of the TO-FDTD algorithm and the conventional FDTD algorithm under the same coarse grid size of = 0.0025m. In Fig. 6(a) , the total-field region is in the range of 0.1m ≤ x ≤ 0.5m and the rest of the region is the scattered-field region. The transformed region is in the range of 0.175m ≤ x ≤ 0.325m, where the PEC cylinder occupies in the range of 0.2m ≤ x ≤ 0.4m. The whole range of 0m ≤ x ≤ 0.6m in Fig. 6(b) is the scattered-field region. It can be seen from Figs. 6(a) and (b) that the result of the conventional FDTD algorithm with = 0.0025m (indicated by the blue solid line) deviates from the reference result. As shown in Fig. 6(a) , the result of the TO-FDTD algorithm (indicated by the red dashed line) in the transformed region (0.175m ≤ x ≤ 0.325m) also deviates from the reference result, since the material parameters in Fig. 5 (c) are different from those in Fig. 5(b) . However, the result of the TO-FDTD algorithm outside of the transformed region agrees well with the reference result. Fig. 6(b) also shows that the result of the TO-FDTD algorithm coincides well with the reference result. The numerical results show that the TO-FDTD algorithm has higher computational accuracy than the conventional FDTD algorithm, when the same coarse grid size is used in the simulation. Figure 7 shows the bistatic RCS of the coated cylinder and is compared with the uncoated cylinder. The result of the TO-FDTD algorithm with coarse grids (indicated by the red dashed symbol) matches well with the reference result of the Comsol (indicated by the carmine plus symbol), and also agrees well with the result of the conventional FDTD algorithm with the fine grid size. Compared with the result of the uncoated PEC cylinder (indicated by the green solid line), the RCS of the coated cylinder decreases by ∼2dB within the scattering angles of 50 • < θ s < 180 • , where θ s = 180 • is the backscattering direction. However, the result of the conventional FDTD algorithm with coarse grids (indicated by the blue solid line) deviates greatly from the reference result, so that the RCS reduction of the coated cylinder seems not to be observed distinctly except for θ s = 180 • .
For the CPU time, the conventional FDTD algorithm with the fine grid size ( = 0.000625m) consumes 1553280 s to finish the entire simulation, while the proposed TO-FDTD algorithm with the coarse grid size ( = 0.0025m) only takes 25028 s. Although the same accuracy level is obtained by two algorithms, the computational efficiency is improved 62 times by the TO-FDTD method.
C. COATED ARBITRARY POLYGONAL CYLINDER
In this subsection, we simulate the scattering of a 2D coated PEC polygonal cylinder. The material parameters of the coating, wavelength and propagation direction of the incident plane wave are the same as the previous case of the coated cylinder. As shown in Fig. 8(a) , the polygon A 0 A 1 A 2 A 3 denotes the cross section of the PEC polygonal cylinder. The yellow polygonal annulus zone between the polygons A 0 A 1 A 2 A 3 and B 0 B 1 B 2 B 3 refers to the thin coating. The coated polygon is encircled by an air annulus between the polygons B 0 B 1 B 2 B 3 and C 0 C 1 C 2 C 3 . The vertexes coordinates of three polygons are A 0 √ 3 20 m, 0 ,
40 m , C 2 − 3 40 m, 0 and C 3 0, − 3 40 m , respectively. As shown in Fig. 8(b Figures 9(a-c) show the electric field amplitude distributions around the coated polygonal cylinder, which are resolved by the TO-FDTD algorithm with the coarse grid size of = λ/40 = 0.0025m, the conventional FDTD algorithm with the coarse grid size of = λ/40 = 0.0025m and the fine grid size of = λ/160 = 0.000625m. The sizes of the total-field and scattered regions are the same as those for the coated cylinder. Here, we take the result of the conventional FDTD algorithm with the fine grid size of = 0.000625m as a reference. The difference in the electric field amplitude distributions between Figs. 9(a) and (b) can be observed due to the poor accuracy with coarse grids. As shown in Fig. 9(c) , the black polygon represents the transformed region. It can be seen that E z outside of the transformed region in Fig. 9 (c) coincides well with that in Fig. 9(b) , while E z within the transformed region is different from that in Fig. 9(b) . Under the same grid size, the TO-FDTD algorithm shows higher computational accuracy than the conventional FDTD algorithm. Figs. 8(a-c) , respectively. Here, the result of the conventional FDTD algorithm with the fine grid size of = 0.000625m is taken as the reference result (indicated by the black dashed line). It can be seen from Figs. 10(a) and (b) that the results of the conventional FDTD algorithm with = 0.0025m (indicated by blue solid line) deviate from the reference results. As shown in Fig. 10(a) , E z outside of the transformed region (0.225m ≤ x ≤ 0.430m) solved by the TO-FDTD algorithm with = 0.0025m (indicated by the red dashed line) coincides well with the reference result. Fig. 10 (b) also shows that E z in the scatteredfield region resolved by the TO-FDTD algorithm agrees well with the reference result. Figure 11 gives the bistatic RCS curves of the coated polygonal cylinder compared with the uncoated target. The result of the TO-FDTD algorithm with coarse grids (indicated by the red dashed line) matches well with the reference result of the Comsol (indicated by the carmine plus symbol), and also coincides well with the result of the conventional FDTD algorithm with the fine grids. As shown in Fig. 11 , the dielectric coating decreases the RCS of the PEC polygonal cylinder by ∼2dB within the scattering angles 60 • < θ s < 300 • , where the backscattering direction is θ s = 180 • . However, the result of the conventional FDTD algorithm with coarse grids (indicated by blue solid line) deviates greatly from the reference result but is close to that of the PEC target. Thus, the conventional FDTD algorithm with coarse grids fails to simulate the RCS reduction of the coated target. At the same level of accuracy, the conventional FDTD algorithm with the fine grid size ( = 0.000625m) requires 1553311 s to finish the entire simulation, while the proposed TO-FDTD algorithm with the coarse grid size ( = 0.0025m) only takes 24585 s. The TO-FDTD method increases the computational efficiency by 63 times without losing accuracy in this simulation.
IV. CONCLUSION
In this study, a TO-FDTD algorithm is developed for solving electromagnetic scattering from a thin dielectric coated object. With the aim of overcoming the difficulty of solving scattering from thin dielectric coated objects by the current TO-based local mesh refinement algorithm, we first propose a novel coordinate transformation for a coated cylinder. Then we extend the transformation model for a coated arbitrary polygonal cylinder, which is able to model shapes of more complex objects. Instead of enlarging the whole coated object, we keep the object size unchanged but transform its thin coating to a larger one. Therefore, it can be solved by uniform coarse grids globally, thus computational efficiency is enhanced greatly. Note that the stretched coating cannot be enlarged arbitrarily. The trade-off is that the compressed outer air annulus is less solved due to its smaller area. However, we can control the air annulus size to obtain good accuracy. Under coordinate transformation, new anisotropic permittivity and permeability are obtained in the transformed region. Then, we develop the stable anisotropic FDTD algorithm for solving anisotropic Maxwell's equations. The solved fields in the transformed region can be transformed back to the corresponding fields in the original region by the inverse transformation. However, no inverse transformation is needed in this paper, since the near-zone scattered fields we use to obtain the RCS of the coated object are in the original region.
Under the same level of accuracy, the grid size required in the proposed TO-FDTD algorithm is coarser than that in the conventional FDTD algorithm. Numerical results show that the TO-FDTD algorithm has obvious advantages in computational efficiency and storage requirement, compared with the conventional FDTD algorithm with fine grids. Moreover, its advantage increases as the size of the coated object increases. Under the same coarse grid size, the TO-FDTD algorithm has higher accuracy than the conventional FDTD algorithm that fails to simulate the absorbing property of the coating. Extending the TO-FDTD algorithm to solve threedimensional problems is our future work.
